The two-way relationship between tropical cyclones over the Bay of Bengal in late fall and stationary Rossby wave propagation along the Asian jet is examined using the Japanese long-term Re-Analysis project (JRA-25) and the Japan Meteorological Agency Climate Data Assimilation System (JCDAS) data. As a precursory signal of the maximum development of the tropical cyclones migrating northward over the Bay of Bengal, a stationary wavetrain pattern prevails from the Mediterranean to the western Indian subcontinent. A cyclonic circulation anomaly to the northwest of the Bay of Bengal, which is part of the wavetrain pattern, facilitates the northward migration and enhancement of the tropical cyclones over the Bay of Bengal through the change in the mid-tropospheric mean flow and the equatorward advection of higher potential vorticity, whereas those cyclones can in turn give rise to the downstream development of the stationary Rossby wave packets along the Asian jet. Such a teleconnection further triggers surface cyclogenesis in the vicinity of Japan by leading to the intrusion of higher potential vorticity in the upper troposphere toward the Japan Sea.
Introduction
The occurrence of tropical cyclones over the Bay of Bengal (BOB) reaches two peaks before and after the Indian summer monsoon season. In particular, November is the most suitable month for the genesis of BOB cyclones (Singh et al., 2001) , which often bring about serious damage to the economy and people in the surrounding regions. The enormous damage to Bangladesh as a result of cyclone Sidr in November 2007 is well known (e.g., Paul 2010) . Taking a look at large-scale circulation fields of the upper troposphere in November in climate terms, the Asian jet shifts toward lower latitudes, and its southern part lies just over the northern Bay of Bengal. Since a subtropical jet, such as the Asian jet, acts as a waveguide of stationary Rossby waves propagating eastward (e.g., Hsu and Lin 1992; Branstator 2002) , the Rossby waves may transmute the atmospheric circulation fields over the Bay of Bengal through the change in the Asian jet and affect the track and development of the BOB cyclones.
It has been pointed out, on the other hand, that synoptic-scale convective heat sources have the potential to induce stationary Rossby waves along the Asian jet (Yamada and Kawamura 2007; Yoshiike and Kawamura 2009 ). Yamada and Kawamura (2007) found that tropical cyclones (typhoons) over the western North Pacific induce stationary Rossby waves along the Asian jet in the fall and generate the Pacific-Japan (PJ) teleconnection pattern (Nitta 1987) . Several BOB cyclones in November tend to migrate northward and intrude into the Asian jet region. It is probable that the BOB cyclones are also capable of exciting stationary Rossby waves along the Asian jet as well as typhoons. The stationary wave packets due to the BOB cyclones might develop downstream and trigger anomalous weather in East Asia.
The main purposes of this study are (1) to examine the influence of stationary Rossby wavetrains along the Asian jet on the track and development of the BOB cyclones, and (2) to clarify whether the BOB cyclones in late fall can excite the stationary Rossby waves downstream along the Asian jet.
Data used and analysis procedures
We used the best track data provided by the Joint Typhoon Warning Center (JTWC) for the period of 1979−2010 to extract the BOB cyclones that appeared in November. In this study, the BOB cyclones were extracted by two criteria. The first is that their maximum developing positions are located over the Bay of Bengal. The second is that those cyclones reach north of 20°N. Eleven BOB cyclones were extracted on the basis of the two criteria, as exhibited in Fig. 1 . It is noteworthy that the maximum developing position of the cyclones was determined by the daily-mean maximum sustained wind speed. Most of the cyclones turned out to have similar tracks and reach their peak in similar locations. We defined the day in which a BOB cyclone reaches its maximum as 'day 0' (key day) and made composite analyses to examine the relationship between the BOB cyclones and largescale atmospheric circulation fields on a daily basis.
We also used the daily mean of the Japanese long-term Re-Analysis project data (JRA-25) (Onogi et al. 2007 ) with a spatial resolution of 1.25° longitude by 1.25° latitude for the period of 1979−2004 and the Japan Meteorological Agency Climate Assimilation System (JCDAS) data with the same resolution for the period of 2005−2010. By applying a simple combination of one low-pass and one high-pass filter (3-day weighted running average and 31-day running average) to the daily data, we excluded both day-to-day fluctuations and low-frequency components, such as month-to-month variations and, as a consequence, highlighted the variability with time scales from about one half a week to two or three weeks (sub-monthly timescales). The 3-day filter is a 1-2-1 filter. These filtering procedures are the same as those of . circulation anomalies. The southerly flow dominates over the Bay of Bengal located on the eastern side of the trough. In fact, the BOB cyclones migrate northward along the strong southerly flow. We, thus, anticipate that the deepened 500-hPa trough inhibits the westward movement of the BOB cyclones, whereas it facilitates their northward migration over the Bay of Bengal. These features suggest that the MIS LOW is responsible for the development of the 500-hPa trough, thereby contributing to the northward migration of the BOB cyclones. Figure 5 shows the composite maps of the isentropic potential vorticity (PV 340 ) on the 340-K surface of potential temperature and its filtered anomaly during three days from day −1 to day +1. A positive PV 340 anomaly is most evident over Southwest Asia at day −1. From day −1 to day +1, the positive anomaly intrudes into lower latitudes in relation to the MIS LOW. On the other hand, another positive anomaly accompanies the BOB cyclones. Both positive PV 340 anomalies merge gradually from day 0 to day +1. Since a positive PV anomaly in the upper troposphere tends to induce ascent motion in the lower troposphere to the east of its anomaly center (Hoskins et al. 1985; Shapiro et al. 1999; Wang and Rogers 2001) , it is highly possible that the positive PV 340 anomaly in association with the MIS LOW enhances and maintains the BOB cyclones. It is well known that tropical cyclones Kawamura and Ogasawara (2006) and Yamada and Kawamura (2007) . Figure 2 shows the composite maps of 250-hPa stream function anomalies and wave activity flux (Takaya and Nakamura 2001) over six days from day −3 to day +2. The locations of BOB cyclones during the same period are also exhibited. An immediate indication is that a stationary wavetrain pattern from the Mediterranean to the western Indian subcontinent appears from day −3 to day 0. For convenience, we hereafter call it the MediterraneanIndian Subcontinent (MIS) pattern. A cyclonic circulation anomaly (MIS LOW) to the northwest of the Bay of Bengal, which is a part of the MIS pattern, becomes most evident on day −1. The reason that the MIS pattern appears before the BOB cyclones reach their maximum development needs to be probed. The MIS pattern might contribute to the northward migration and development of the BOB cyclones. George and Gray (1976) postulated that the 500-hPa circulation field is the most appropriate field to specify a tropical cyclone direction. A climatological feature of the 500-hPa circulation field in November is that the easterly wind, in association with the monsoonal flow, prevails over the genesis region of the BOB cyclones. In fact, most of the BOB cyclones in November tend to move westward (Fig. 3) . However, a part of the BOB cyclones migrate northward over the Bay of Bengal, as indicated in Fig. 1 . To clarify such track changes of the BOB cyclones, we present the composite maps of 500-hPa stream function and horizontal wind anomalies from day −2 to day 0 in the upper panel of Fig. 4 . On day −2, a cyclonic circulation anomaly over the northwestern part of the Indian subcontinent corresponds to the MIS LOW, which is part of the MIS pattern. Another cyclonic circulation anomaly over the Bay of Bengal arises from the BOB cyclones. These two anomalous circulations merge gradually from day −2 to day 0, eventually inducing westerly anomalies from the Arabian Sea to the Bay of Bengal as well as southerly anomalies over the Bay of Bengal. The lower panels of Fig. 4 show the composite maps of the 500-hPa geopotential height and horizontal wind during the same period. A distinctive trough covers the vicinity of the Indian subcontinent in association with the mergence of the two cyclonic . Fluxes of less than 60 m 2 s −2 are suppressed. The locations of the BOB cyclones identified by the best track data are also shown. Heavy and light shadings denote regions with 1% and 5% levels of statistical significance using a t test, respectively. in the Atlantic Ocean are often intensified by upper-tropospheric troughs (e.g., Molinari et al. 1998; Hanley et al. 2001) . We infer that similar situations occur in the Bay of Bengal in relation to the equatorward intrusion of the positive PV anomaly in the upper troposphere.
Possible role of the Asian jet in the BOB cyclones

Remote impact of the BOB cyclones on the Asian jet
Focusing on Fig. 2 from day 0 to day +2 again, a wavetrain pattern from the eastern Bay of Bengal to Japan is predominant, which, hereafter, for convenience, is called the Bay of BengalJapan (BJ) pattern. The BJ pattern is accompanied by eastward wave activity fluxes, indicating the downstream development of stationary Rossby waves. It is noteworthy that the statistical significance of the BJ pattern is also higher than that of the MIS pattern. As indicated in Fig. 1 , since the BOB cyclones approach the southern edge of the Asian jet, those cyclones may be able to excite and amplify the BJ pattern. In fact, the BOB cyclones accompany a strong divergent motion in the upper troposphere. Thus, it is conceivable that stationary Rossby wavetrains appear along the Asian jet if the divergent motion dominates within the jet characterized by the strong gradient of potential vorticity.
To investigate whether the BOB cyclones indeed operate as a vorticity source of the stationary Rossby waves, we estimated the Rossby wave source according to Sardeshmukh and Hoskins (1988) . The upper panels of Fig. 6 reveal the composite maps of 250-hPa velocity potential anomalies during three days from day −1 to day +1. The locations of BOB cyclones and climatological westerlies at 250-hPa are also exhibited. The lower panels of this figure show the composite maps of the 250-hPa stream function anomalies and Rossby wave source during the same period. From day −1 to day 0, a pronounced divergent anomaly in association with the BOB cyclone maintains its strength and intrudes northward into the strong wind region of the Asian jet. The divergent anomaly induces a negative Rossby wave source that can excite an anticyclonic vorticity. The negative Rossby wave source reaches its maximum on day +1, when the divergent anomaly intrudes deeply into the strong wind region of the Asian jet, and an associated anticyclonic circulation anomaly is prominent on day +1. These features indicate that the generation of the negative Rossby wave source is attributed to the BOB cyclones. The prominence of the negative Rossby wave source plays an influential role in the occurrence and amplification of the BJ pattern. Thus, we stress that the BOB cyclones in late fall are capable of inducing the BJ pattern through the downstream development of the stationary wave packets.
Likewise, the BJ pattern induces a remarkable cyclonic circulation anomaly (BJ LOW) in the upper troposphere in the vicinity of Japan from day −1 to day +1. Considering the studies of Hoskins et al. (1985) , Shapiro et al. (1999) , and Wang and Rogers (2001) again, the BJ LOW may give rise to the enhancement of surface cyclogenesis around Japan. The upper panels of Fig. 7 depict the composite maps of the isentropic potential vorticity (PV 310 ) on the 310-K surface of potential temperature and its fil- tered anomaly during three days from day 0 to day +2. During that period, a positive PV 310 anomaly intrudes into the Japan Sea in relation to the BJ LOW. The positive anomaly is most evident on day +2. Since a strong lower-tropospheric baroclinic zone covers the Kuroshio Extention region to the east of Japan in November (see Fig. S1 of Hayasaki and Kawamura 2012), we anticipate that this situation leads to the reinforcement of surface cyclogenesis vertically coupled with an upper-level disturbance. Actually, a negative sea level pressure (SLP) anomaly ahead of the positive PV 310 anomaly center is gradually organized from day 0 to day +2, suggesting the presence of the coupling process between the BJ LOW and the surface cyclogenesis in the vicinity of Japan. During northern winter, such a vertical coupling is often observed when a surface cyclone develops rapidly around the Kuroshio Extension region in association with the eastward propagation of stationary Rossby waves along the South Asian waveguide (Yamashita et al. 2012 ). Taking a look at Fig. 6a again, a marked divergent anomaly is indicated in the upper troposphere to the east of Japan on day 0 and day +1, which is quite consistent with enhanced surface cyclogenesis. The lower panels of Fig. 7 reveal the composite maps of 850-hPa temperature and horizontal wind anomalies during the same period. From day 0 to day +2, cold (warm) advection to the west (east) of a low-level cyclonic circulation anomaly around Japan becomes dominant, corresponding to the development of the negative SLP anomaly. Subsequently, cold air outbreak from the Asian continent toward Japan is most enhanced from day +2 to day +3, thereby bringing about increased local rainfall on the Japan Sea side of northern and central Japan (not shown). These coincidences provide clear evidence that the BOB cyclones in late fall have the potential to influence daily weather in East Asia a few days after the maximum development of those cyclones through the dominance of the BJ pattern. , respectively. The zero contour is suppressed.
Summary
In this study, we examined the influence of stationary Rossby wavetrains along the Asian jet on the track and development of the Bay of Bengal (BOB) tropical cyclones; we also tried to determine whether the BOB cyclones excite stationary Rossby waves downstream along the Asian jet in the late fall. We extracted the BOB cyclones that approached the Asian jet in November. Most of the cyclones have similar tracks and reach their peak in similar locations. We defined the day in which a BOB cyclone reached its maximum as 'day 0' and made composite analyses to investigate the two-way relationships between the Asian jet variability and the BOB cyclones on a daily basis. The major findings in this study are briefly summarized as follows:
• A stationary wavetrain pattern from the Mediterranean to the Indian subcontinent (MIS pattern) becomes evident in the upper troposphere as a precursory signal of the maximum development of BOB cyclones.
• An anomalous cyclonic circulation to the northwest of the Bay of Bengal, which is part of the MIS pattern, inhibits the westward movement of the BOB cyclones forced by the monsoonal flow and facilitates their northward migration over the Bay of Bengal.
• This cyclonic circulation anomaly also leads to the equatorward intrusion of a positive PV anomaly in the upper troposphere, possibly contributing to the intensification and persistence of the BOB cyclones.
• Another salient wavetrain pattern from the eastern Bay of Bengal to Japan is well organized after the BOB cyclones reach their maximum.
• As an upper-level divergent anomaly induced by a BOB cyclone intrudes deeply into the strong wind region of the Asian jet, the anomaly generates an anticyclonic vorcity within the jet region, thereby playing an active role in the occurrence and downstream development of stationary Rossby wave packets.
• The downstream development of such a teleconnection further induces surface cyclogenesis around Japan by leading to the southward intrusion of higher PV from the highlatitudes, eventually bringing about the cold advection in the lower troposphere toward Japan. This study shows that the stationary wavetrains emanating from the Mediterranean Sea trigger the northward migration and enhancement of the tropical cyclones over the Bay of Bengal in the late fall, whereas the cyclones can in turn give rise to the downstream development of the stationary Rossby wave packets through the South Asian waveguide. This phenomenon may be a typical case of the tropical-extratropical interaction or the interaction between large-scale circulation and synoptic-scale disturbances. It should be noted that a combined feature of the MIS and the BJ patterns is somewhat similar to the Eurasian wavetrain pattern showed by Ding and Wang (2007) although they focused on the intraseasonal variability. Considering their idea, the MIS pattern might be triggered by the barotropic instability of the basic state over the vicinity of Europe. Furthermore, since BJ-like patterns often appear in late fall without the impact of the BOB cyclones, the relative contribution of the local instability process of the basic flow (Asian jet) on the BJ pattern should also be considered. An accurate understanding of such dynamic interactions is crucially important for long-term weather forecasting, and further investigations should be undertaken.
